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EpidemiologyYersinia pseudotuberculosis is an enteric pathogen that is environmentally widespread and is known to cause
human and animal infections. The development of a fast and inexpensive typing system is necessary to facil-
itate epidemiological studies of Y. pseudotuberculosis infections. In this study, we aimed to develop a method
of Y. pseudotuberculosis genotyping based on determining differences in single-nucleotide polymorphisms
(SNPs) using a high-resolution melting analysis (HRMA). Using a set of nine primer pairs, ten SNPs
were screened from sequences in the 16S rRNA, glnA, gyrB and recA sequences of 12 Y. pseudotuberculosis
strains that were deposited in the GenBank database. The genetic diversity of a collection of 40 clinical
Y. pseudotuberculosis strains was determined using the HRMA method and the multilocus sequence typing
(MLST) technique was used for comparison. Different melting proﬁles were found in ﬁve out of a total of
nine analyzed fragments. A phylogenetic tree was constructed from the nucleotides that were identiﬁed in
the nine analyzed fragments, and the tree demonstrated that Y. pseudotuberculosis strains were separated
into two groups. The ﬁrst cluster was composed of strains from the 1/O:1a serogroup and the second of
strains from the 2/O:3 serogroup. The separation into two clusters based on distinct bio-serogroups of
Y. pseudotuberculosis was consistent with the results in the MLST database. The simple and highly reproducible
HRMA assay developed by usmay be used as a rapid and cost-effectivemethod to genotype Y. pseudotuberculosis
strains of O:1 and O:3 serogroups and it can complement sequence-based methods facilitating epidemiological
studies of this Yersinia species.
© 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Yersinia pseudotuberculosis is a widespread enteric pathogen that
can infect a wide range of animals, including humans. The contamina-
tion and disease caused by Y. pseudotuberculosis occur primarily
through the fecal-oral route and the clinical manifestations can vary
from mild enteritis to extra-intestinal symptoms and septicemia
(Schriefer and Petersen, 2011). The severity of these symptoms dif-
fers among Y. pseudotuberculosis strains and depends primarily on
the presence of the Yersinia virulence plasmid (pYV), the genes locat-
ed on the high pathogenic island (HPI) and the subtype of the
Y. pseudotuberculosis-derived mitogen (YPM) (Carnoy et al., 2002;
Ch'ng et al., 2011; Fukushima et al., 2001; Laukkanen-Ninios et al.,
2011).
Y. pseudotuberculosis is commonly subdivided into four biotypes
based on its phenotypic characteristics and into 14 serogroups according
to its lipopolysaccharide O-side chains (Tsubokura and Aleksic, 1995).ises Clínicas, Toxicológicas e
de Ribeirão Preto–USP, Av. do
reto, SP, 14040–903, Brasil.
vier OA license.Serogroups O:1 and O:2 are further divided into subtypes a, b and c,
and serogroups O:4 and O:5 are each divided into subtypes a and b
(Bogdanovich et al., 2003). Alternatively, Y. pseudotuberculosis strains
can be divided into six genetic groups based on the presence of the
virulence markers pYV, HPI and YPM (Fukushima et al., 2001).
In Brazil, Y. pseudotuberculosis has been isolated from healthy and
sick animals, but this pathogen has not yet been isolated from
humans (Falcão et al., 2008).
Several currentmolecular techniques can be used for epidemiological
purposes. However, when they are applied to large-scale studies, many
of these approaches become laborious, costly and time-consuming
(Foxman et al., 2005). Therefore, ﬁnding an efﬁcient, simple, fast, repro-
ducible and cost-effective technique would be very useful for epidemio-
logical investigations.
The need for high-throughput assays has therefore led researchers
to focus on single-nucleotide polymorphisms (SNPs) as mutational
markers. Due to the wide use of SNPs as mutational markers, several
high-throughput assays that aim to discriminate between SNPs have
been developed and made available. In 2003, Gundry and colleagues
developed a new technology called high-resolution melting analysis
(HRMA) for genotyping and mutation scanning (Gundry et al., 2003).
HRMA is considered a fast, cost-effective, sensitive, speciﬁc and
high-throughput SNP genotyping method (Cho et al., 2008; Martino
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PCR products using saturating, double-stranded DNA binding dyes to
monitor the transition from unmelted to melted DNA (Martino et al.,
2010; Reed et al., 2007).
The aim of the present study was to develop a HRMA-based assay
that could be used to genotype Y. pseudotuberculosis species and to
use this HRMA-based approach to genotype Y. pseudotuberculosis
strains isolated in Brazil.
2. Methods
2.1. Identiﬁcation of SNPs present in the 16S rRNA, glnA, gyrB, hsp60 and
recA genes
Five loci were searched for the presence of SNPs. To identify the
presence of SNPs in the 16S rRNA, glnA, gyrB, hsp60 and recA genes,
the sequences of six Y. pseudotuberculosis strains (CDC 542–84, CDC
801–84, IP 31758, IP 32953, PB 1/+ and YP III) that were previously
deposited in the GenBank database were used. Besides, the same
loci of six Y. pseudotuberculosis strains (Yp5, Yp22, Yp30, Yp31, Yp43
and Yp104) that were selected from the collection of the Brazilian
Reference Center on Yersinia spp. other than Y. pestis were sequenced
in this study, as described by Souza et al. (2010).
The Y. pseudotuberculosis strains used for SNPs identiﬁcation, their
bio-serogroups and the GenBank/EMBL/DDBJ accession numbers for
the 16S rRNA, glnA, gyrB, hsp60 and recA gene sequences of these
strains are presented in Table 1.
The presence of SNPs was assessed by visually inspecting “contigs”
that were composed by sequences of the same loci of the aforemen-
tioned Y. pseudotuberculosis strains. The comparison was performed
with the aid of the ChromasPro 1.5 software package (Technelysium
Pty Ltd, Helensvale, QLD, Australia).
2.2. Primer design
The primer pairs were designed to ﬂank the regions that
contained SNPs in the Y. pseudotuberculosis 16S rRNA, glnA, gyrB,
hsp60 and recA genes. Each of the PCR primers was designed using
the PrimerQuestSM software package (Integrated DNA Technologies,
Inc, Coralville, Iowa, USA) and was checked for its potential to form
primer-dimers or alternative amplicons using the OligoAnalyser 3.1
software program (Integrated DNA Technologies). The primers were
synthesized by Integrated DNA Technologies and were used without
further puriﬁcation.
A step-by-step empirical approach was used to determine the op-
timal annealing temperature for each primer pair by raising the tem-
perature from 53 to 57 °C with 1 °C increments and using the PCR
conditions described by Souza et al. (2010). The speciﬁcity of eachTable 1
Yersinia pseudotuberculosis strains used for SNPs identiﬁcation and the GenBank/EMBL/DDB
Y. pseudotuberculosis strains Bioserogroup Accession numbers
16S rRNA g
Yp5 2/O:3 JQ614049 J
Yp22 2/O:3 JQ614050 J
Yp30 1/O:1a JQ614051 J
Yp31 1/O:1a JQ614052 J
Yp43 2/O:3 JQ614053 J
Yp104 2/O:3 JQ614054 J
CDC 542-84 NA§ AY332853 A
CDC 801-84 NA§ AY332854 A
IP 31758 1/O:1b CP000720⁎ C
IP 32953 1/O:1 NC_006155⁎ N
PB 1/+ 1/O:1b CP001048⁎ C
YP III 2/O:3 CP000950⁎ C
⁎ complete genome; § not available.primer pair was conﬁrmed using agarose gel electrophoresis and
melting analyses.2.3. Real-time PCR and high-resolution melting analysis
A set of 40 Y. pseudotuberculosis strains was genotyped using the
HRMA assay developed. These strains are a part of the collection of
the Brazilian Reference Center on Yersinia spp. other than Y. pestis
and they were isolated from healthy and sick animals in the Southern
region of Brazil as described by Martins et al. (1998). Each of the 40
Y. pseudotuberculosis strains was cultured in brain heart infusion
(BHI) broth and incubated overnight at 28 °C. The genomic DNA was
then extracted from the growing cells as described by Falcão et al.
(2006). The DNA quantity in each sample was determined using a
Nanodrop 1000 (Thermo Scientiﬁc, San Jose, California, USA) and its
purity was estimated as described in Sambrook and Russel (2001).
Real-time PCR (q-PCR) cycling was performed on a 7500 Fast
Real-Time PCR System apparatus (Applied Biosystems, Foster City,
California, USA) and all of the reactions were performed in 96-well
optical plates (Applied Biosystems) that were covered with optical
adhesive (Applied Biosystems). All of the runs included four
Y. pseudotuberculosis strains (Yp22, Yp30, Yp31 and Yp43) for which
the sequences of the 16S rRNA, glnA, gyrB, hsp60 and recA genes
were known, which allowed them to be used as reference strains.
The SNPs of the 40 tested strains were determined by comparing
their melting proﬁles with the melting proﬁles of the corresponding
reference strains. All of the samples were tested in duplicate to ensure
assay reproducibility.
The reaction was performed in 20 μL reaction mixtures that
contained 10 μL of MeltDoctor™ HRM Master Mix (Applied
Biosystems), 1.2 μL of each primer at 5 μM, 4 μL of genomic DNA at
5 ng/μL and 3.6 μL of DNase- and RNase-free distilled water
(Invitrogen, Carlsbad, California, USA). The PCR conditions were as
follows: 1 cycle of 95 °C for 10 min and 40 cycles that consisted of
95 °C for 15 s and the appropriate annealing temperature for each
primer pair (Table 2) for 1 min. Reaction mixtures without the DNA
template were used as negative controls. The HRMA step was
performed immediately after PCR cycling. The amplicons were heated
to 95 °C for 10 s and were then cooled to 60 °C for 1 min. The melting
curves were generated by increasing the temperature from 60 to
95 °C in 1.6 °C/s increments and ﬂuorescence was detected each
0.1 s. To make the data uniform, the rawmelting curves were normal-
ized by manually adjusting one region before the double-stranded
product was melted (pre-melting region) and another region after
the amplicon was completely melted (post-melt region). The normal-
ized melting curve data were analyzed with the HRM v.2.0.1 software
program (Applied Biosystems) according to the manufacturer's in-
structions. The software grouped together amplicons that had similarJ accession numbers for the sequenced genes.
lnA gyrB hsp60 recA
Q614043 JQ614037 JQ614031 JQ614025
Q614044 JQ614038 JQ614032 JQ614026
Q614045 JQ614039 JQ614033 JQ614027
Q614046 JQ614040 JQ614034 JQ614028
Q614047 JQ614041 JQ614035 JQ614029
Q614048 JQ614042 JQ614036 JQ614030
Y333068 AY332958 AY332905 AY333012
Y333069 AY332959 AY332906 AY333013
P000720⁎ CP000720⁎ CP000720⁎ CP000720⁎
C_006155⁎ NC_006155⁎ NC_006155⁎ NC_006155⁎
P001048⁎ CP001048⁎ CP001048⁎ CP001048⁎
P000950⁎ CP000950⁎ CP000950⁎ CP000950⁎
Table 2
Primer sequences and conditions used in the HRMA assay.
Primer designation1 Primers sequence (5´ 3´) SNPs Amplicon size (bp) Annealing temperature (°C) HRMA region (°C)
16S rRNA-SNP1.F
16S rRNA-SNP1.R
GGCGGACGGGTGAGTAATGT
TCAGACCAGCTAGGGATCGT
A/G 195 55 80,75 – 85,25
glnA-SNP1.F
glnA-SNP1.R
TCCGTTGTGACATTCTTGAGCC
GATACGTGTGACCCATTGATGCTG
T/C 190 54 77,50 – 86,00
glnA-SNP2.F
glnA-SNP2.R
CGTTCTATCTCCAAACGTGCTG
AGGAACAGGGAAGTAACCGCCTTT
T/C 237 55 79,00 – 85,25
glnA-SNP3.F
glnA-SNP3.R
CACCAAATACGAAGGCGGCAACAA
ACACATGGCAGAACGGAGGTCTT
A/G 106 55 80,00 – 84,75
gyrB-SNP1-2.F2
gyrB-SNP1-2.R2
GAAGGTAAAGTTCACGAGCAAACC
ACACCCGAGTTCAGGAAAGAGAGT
T/C and T/C 194 54 79,00 – 86,00
gyrB-SNP3.F
gyrB-SNP3.R
GAACTCTCTTTCCTGAACTCGGGTGT
TCGTCTTTCATGGTGGAGAAGTAG
T/C 170 54 75,25 – 79,50
gyrB-SNP4.F
gyrB-SNP4.R
AACAAGAACCCGATCCACCCGAAA
TACCACCATCACGCTGTGGAATGT
A/G 145 55 77,25 – 81,75
recA-SNP1.F
recA-SNP1.R
GCCCAGAATCATCAGGTAAGACGA
TGATAACGTCAACCGCACCAGA
T/C 228 55 79,00 – 84,25
recA-SNP2.F
recA-SNP2.R
CTCTGGTGCGGTTGACGTTAT
GCCTGGCTCATCATACGC
T/C 120 54 76,50 – 85,00
1 F, forward; R, reverse. 2 The primer pair was designed in order to ﬂank two SNPs.
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amplicons could be easily identiﬁed.
2.4. Phylogenetic analysis based on HRMA assay
The phylogenetic analysis was based on sequences that were com-
posed of the nucleotides that were identiﬁed in the 16S rRNA-SNP1,
glnA-SNP1, glnA-SNP2, glnA-SNP3, gyrB-SNP1-2, gyrB-SNP3, gyrB-SNP4,
recA-SNP1 and recA-SNP2 fragments and were concatenated in this
order for each Y. pseudotuberculosis strain. Clustering was performed
with the software package BioNumerics 5.1 (Applied Maths NV,
Sint-Martens-Latem, Belgium) and using the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) method with Kimura's
two-parameter distance correctionmodel. Bootstrap values (1,000 repli-
cates)were used to estimate the robustness of the phylogenetic analysis.
3. Results
3.1. Identiﬁcation of SNPs present in the 16S rRNA, glnA, gyrB, hsp60 and
recA genes
A total of 10 SNPs were identiﬁed in the 12 Y. pseudotuberculosis
strains that were used for SNP identiﬁcation. One, three, four and
two SNPs were found in the 16S rRNA, glnA, gyrB and recA genes,
respectively. No SNPs were found in the Y. pseudotuberculosis
hsp60 sequence. All of the detected SNPs consisted of transition
mutations (A to G or C to T).
3.2. Primer design
Nine primer pairs were obtained. Each primer pair was designed
to ﬂank only one SNP, with the exception of one primer pair that
ﬂanked two SNPs. The primer sequences and their characteristics
are presented in Table 2.
3.3. High-resolution melting analysis
Different melting proﬁles were found in the 16S rRNA-SNP1,
glnA-SNP2, gyrB-SNP1-2, gyrB-SNP3 and recA-SNP2 fragments from
the 40 Y. pseudotuberculosis strains that were genotyped by HRMA.
The normalized melting curves are presented in Fig. 1. No differences
were found in the melting proﬁles of the glnA-SNP1, glnA-SNP3,
gyrB-SNP4 and recA-SNP1 fragments (data not shown).3.4. Phylogenetic analysis based on the HRMA assay
The use of reference strains with known sequences facilitated SNP
identiﬁcation in the tested strains. The arrangements of the SNPs in
the 16S rRNA-SNP1, glnA-SNP1, glnA-SNP2, glnA-SNP3, gyrB-SNP1-2,
gyrB-SNP3, gyrB-SNP4, recA-SNP1 and recA-SNP2 fragments are
presented in Fig. 2 in this order.
The phylogenetic tree that was based on the HRMA assay grouped
the 40 Y. pseudotuberculosis strains into two groups (Fig. 2). The ﬁrst
group (A) was shown to be composed exclusively of strains of the
bio-serogroup 1/O:1a and the second group (B) consisted of strains
of the bio-serogroup 2/O:3. In both groups, each strain had 100% se-
quence similarity to the other strains of the same group. The similar-
ity among group A (1/O:1a bio-serogroup) and group B (2/O:3
bio-serogroup) was 40,0%. The bootstrap values were all 100%.
4. Discussion
Numerous methods are used in epidemiological investigations
and each has its own advantages. However, some of these methodol-
ogies are expensive and time-consuming and are consequently limit-
ed in their application to high-throughput studies (Foxman et al.,
2005). Therefore, ﬁnding an efﬁcient method that can be performed
quickly at a low cost has become an important goal regarding the ep-
idemiological surveillance of pathogenic microorganisms.
In recent years, an increasing number of reports have beenpublished
that used HRMA for SNP-typing in large-scale studies (Cheng et al.,
2006; Choi et al., 2010; Lévesque et al., 2011; Richardson et al., 2011;
Stephens et al., 2008). In this work, the utility of the HRMA-based
method for epidemiological studies of Y. pseudotuberculosis species
was evaluated. Ten SNPs that are present in the analyzed 16S rRNA,
glnA, gyrB and recA fragments were screened using nine primer pairs
that ﬂank the regions associated with these SNPs. The ﬁve genes
described above were selected because they proved to be adequate to
examine the intra- and interspecies relationships among all of the cur-
rently described Yersinia species including Y. pseudotuberculosis
(Kotetishvili et al., 2005; Souza et al., 2010).
Different melting proﬁles were found for the 16S rRNA-SNP1,
glnA-SNP2, gyrB-SNP1-2, gyrB-SNP3 and recA-SNP2 fragments from
the 40 Y. pseudotuberculosis strains tested (Fig. 1). No differences
were observed in the glnA-SNP1, glnA-SNP3, gyrB-SNP4 and
recA-SNP1 fragments (data not shown). These ﬁndings were expected
by the sequencing results that had previously been obtained for the
reference strains isolated in Brazil and used in this assay (Yp5,
Yp22, Yp30, Yp31, Yp43 and Yp104 – Table 1).
Fig. 1. High-resolution melt curves of 16S rRNA-SNP1 (a), glnA-SNP2 (b), gyrB-SNP1-2 (c), gyrB-SNP3 (d) and recA-SNP2 (e) fragments. The arrows highlight the SNPs positions.
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grouped the 40 Y. pseudotuberculosis strains into two speciﬁc
HRMA groups (A and B) that correlated with the phenotypic and se-
rological characterization of the Y. pseudotuberculosis strains that
were isolated in Brazil (Fig. 2). The ﬁrst group (A) was shown to be
composed exclusively of Y. pseudotuberculosis of the bio-serogroup
1/O:1a and the second group (B) consisted of Y. pseudotuberculosis
of the bio-serogroup 2/O:3.
This same division was observed from Y. pseudotuberculosis MLST-
based genotyping (http://mlst.ucc.ie/mlst/dbs/Ypseudotuberculosis).
The strains that were grouped into the “A” and “B” HRMA groups
belonged, respectively, to sequence type (ST) 42 and 19 in the MLST
scheme. However, when comparing our data with the ribotypes that
were obtained by Martins et al. (2007), no clusters related to speciﬁc
Y. pseudotuberculosis bio-serogroups were observed. These authorstyped a set of 68 Y. pseudotuberculosis strains using the ribotypingmethod
and we used 40 of the 68 strains in the current study (Fig. 2).
It is interesting to note that when information about the virulence
markers that were found in the Y. pseudotuberculosis strains searched
by Martins et al. (2007) was added to the dendrogram that was
obtained in the present study (Fig. 2), it was possible to identify dis-
tinct pathogenic potentials among the Y. pseudotuberculosis strains.
Only the strains of the “A” HRMA group carried the insertion element
IS100 and the psn, ybtE, ybtP, ybtQ, ybtX and ybtS genes. These chro-
mosomal virulence markers are found in the high-pathogenic island
(HPI) and are related to the yersiniabactin system (Carniel, 1999).
Combined with the data obtained by Martins et al. (2007), our re-
sults show that the HRMA assay discriminated between the different
pathogenic potentials of Y. pseudotuberculosis strains that were iso-
lated from animals in Brazil. The strains of the “A” HRMA group can
(a)
(b)
Fig. 2. Genetic relatedness among Y. pseudotuberculosis strains based on the HRMA assay. Clusters were determined using a UPGMA tree based on the maximum-likelihood
criteria with Kimura's two-parameter distance correction model. Bootstrap values are presented in front of the nodes. 1 data from Martins et al. (2007); 2 data obtained from
the Y. pseudotuberculosis MLST database (http://mlst.ucc.ie/mlst/dbs/Ypseudotuberculosis).
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HRMA group can be classiﬁed as having low pathogenic potential. De-
spite the lowered pathogenicity characteristic of Y. pseudotuberculosisO:3 (Fukushima et al., 2001; Laukkanen-Ninios et al., 2011), some of
these strains caused severe and sometimes fatal diarrhea in all of the
bovine animals from the livestock of the South of Brazil. However,
334 R.A. Souza, J.P. Falcão / Journal of Microbiological Methods 91 (2012) 329–335when isolated from buffalos, the vast majority of the strains were
obtained from the normal feces of asymptomatic animals (Martins
et al., 1998)
The Y. pseudotuberculosisHRMA-base typing system that was devel-
oped by us discriminated between the SNPs found in the 16S rRNA,
glnA, gyrB and recA genes; it also grouped the Y. pseudotuberculosis
strains into clusters according to their pathogenic potential and a
good correlation was observed between HRMA type and pathogenic
potential.
Another HRMA-based method developed by Ciammaruconi et al.
(2009) proved to be an excellent assay for Y. pestis genotyping. In
this work, variable number tandem repeats (VNTR) regions were
studied by HRMA and could properly differentiate and assigned the
isolates to biovars.
Although sequencing is considered the gold standard for mutation
detection (van der Stoep et al., 2009), the systematic sequencing of all
variant samples by Sanger'smethod has some disadvantages; for exam-
ple, it is expensive and time-consuming (Sevilla et al., 2002). Although
next-generation sequencing platforms can potentially improve
throughput, they are an expensive and unrealistic alternative for some
laboratories (Schuster, 2008). Rapid and cost-effective methods for
epidemiological investigations are therefore in high demand, partic-
ularly for population studies of pathogenic microorganisms in devel-
oping countries.
Because HRMA has repeatedly been reported to be an efﬁcient and
accurate method for detecting polymorphic sites in genomic DNA
(Ciammaruconi et al., 2009; Wu et al., 2008), this approach can be a
valuable tool for SNP detection and genotyping. Although HRMA can-
not replace sequencing-based genotyping methods, this new meth-
odology can potentially complement them (Lévesque et al., 2011).
Additionally, because HRMA is a non-destructive method, the HRMA
products could be used directly in a sequencing analysis if necessary
and the dye would not introduce any interference (Slany et al.,
2010; Vossen et al., 2009).
The greatest advantage of HRMA is that it reduces the time and
cost of analysis. HRMA requires just one generic reagent (saturating
DNA dye) for all of the genotyping methods; it is performed in a
closed-tube system, which avoids the cost that is associated with la-
beled probe synthesis and the risks that are associated with
cross-contamination (Ong et al., 2010). Furthermore, HRMA can be
performed in approximately 2 min following q-PCR, and its sensitivi-
ty is comparable to that of other available techniques (Reed and
Wittwer, 2004). Finally, neither agarose gel analysis, sequencing nor
sequence analysis are necessary for SNP identiﬁcation (Lévesque et
al., 2011).
As reported by Stephens et al. (2008), the data that are produced
from HRMA are portable and can therefore be used for database con-
struction. Hence, the results obtained here can facilitate international
collaborative efforts aimed at understanding the genetics and biodi-
versity of Y. pseudotuberculosis species.
Taken together, our results conﬁrmed that the reference HRMA
assay that was developed in this study may be used as a rapid and
cost-effective method to genotype Y. pseudotuberculosis strains of
O:1 and O:3 serogroups and have a potential to be used to type efﬁ-
ciently Y. pseudotuberculosis of other serogroups. Furthermore, this
assay can complement sequence-based methods facilitating epidemi-
ological studies of this Yersinia species.
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